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ABSTRACT We exposed 5 8, 12 and 15 wk old larval lumpfish Cyclopterus lumpus L to a predator 
(three-splned stickleback Gasterosteus aculeatus) in order to test whether or not lumpfish would reduce 
foraglng In order to reduce the probabll~ty of being attacked We found that 5 to 12 wk old larvae 
increased the time they spent clinglng to a surface In the presence of the predator, thereby trading-off 
time available for foraglng in order to reduce the probabll~ty of attack Overall, fewer fish fed in the 
presence of a predator, and of the f ~ s h  that d ~ d  feed, 12 wk old lumpfish also showed a significant 
decrease In feeding rate (bltes per minute swimming) In the presence of a predator The behav~ourial  
anti-predator defences d~splayed by the lumpf~sh would be effective in the environment in which the 
larval lumpfish are naturally found We dlscuss the appllcab~lity of the results of t h ~ s  tudy to other larval 
flsh 
INTRODUCTION 
Predation can be broken down into the following 
sequence of events: encounter, attack, and capture of 
prey (modified from O'Brien 1979). Anti-predator 
defences that have evolved in prey organisms act to 
interrupt this sequence at different steps (Endler 1986, 
Sih 1987). For example, prey may decrease the proba- 
bility of encounters with predators by hiding, by avoid- 
ing areas of high predator density, or by being crypti- 
cally coloured (Mittelbach 1981, Endler 1986, Main 
1987, Sih 1987, Pierce 1988). Once an  encounter has 
taken place, anti-predator defences that reduce the 
probability of attack become important, such as cessa- 
tion of movement, unpalatability, mimicry of organisms 
that are poisonous or unpalatable, or flight to a refuge 
(Endler 1986). Finally, once an  attack is initiated by a 
predator, defences act to reduce the probability of 
capture. This last type of defence includes rapid eva- 
sive movements and flight, spines or plates that make 
handling difficult, and active fighting (Helfman 1986, 
Sih 1987). In order to properly assess the anti-predator 
capabilities of an organism, all 3 types of anti-predator 
defences should be evaluated. 
O Inter-Research/Printed in Germany 
In the last decade an  increasing number of predation 
studies have used larval fish as prey, and virtually all 
of these studies have only examined anti-predator 
defences that operate at  the last step in the predation 
sequence, that is, defences that reduce the probability 
of capture given an attack by a predator (Miller et al. 
1988, Fuiman 1989, Margulies 1989, 1990, but see 
Blaxter & Fuiman 1990). However, as pointed out by 
Endler (1986), defences that operate earlier in the 
sequence are more efficient, due to a greater probabil- 
ity that the predation sequence will be interrupted 
without injury to the prey. It seems likely that larval fish 
should possess and utilize anti-predator defences that 
reduce the probability of attack. 
Probably the simplest anti-predator defence that 
reduces the probability of attack is cessation of move- 
ment, or freezing. Such freezing behaviour has been 
reported in many groups of animals (Herzog & Bur- 
ghardt 1974, Zaret 1980, Dill 1987, Sih 1987, Gerkema 
& Verhulst 1990) including fish (Brown 1984, Wootton 
1984, Fitzgerald & Wootton 1986, Helfman 1986, Hun- 
tingford et. a1 1988, Radabaugh 1989). Freezing is an  
effective anti-predator defence because most predators 
key on movement as their first contact with prey (Ware 
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1973, O'Brien 1979, Stein 1979, Prejs 1987), or use 
movement as a criterion for deciding whether or not to 
attack an object they are presently inspecting (Orr 
1989). 
All anti-predator defences have costs associated with 
them (Milinski & Heller 1978, Dill & Fraser 1984, Lima 
et, a1 1985, Dill 1987, Sih 1987). Probably the most 
important cost associated with cessation of movement 
is reduced foraging. For a larval fish, a reduction in 
time available for foraging could represent a substan- 
tial cost due to the limited energy stores many larval 
fish possess. Therefore, it would seem adaptive for 
larval fish to be able to assess the level of predation 
threat and respond so as to minimize associated costs. 
Studies have demonstrated this ability in juvenile and 
adult fish, where the prey varied their response to 
potential predators depending upon the prey's hunger 
level (Dill & Fraser 1984, Magnhagen 1988), behaviour 
of the predator (Sih 1987, Helfman 1989), and predator- 
prey size ratio (Stein & Magnuson 1976, Sih 1980, 1984, 
Brown 1984, Werner & Gilliam 1984, Main 1987, Prejs 
1987). Other studies have shown that prey fish not only 
spend less time foraging in the presence of a predator, 
but in addition the effectiveness of their foraging 
decreased (Milinsh & Heller 1978, Fraser & Hunting- 
ford 1986, Milinsh 1986). This effect has been attri- 
buted to increased vigilance by the prey fish. 
In this study we tested larval lumpfish Cyclopterus 
lumpus to determine whether or not they would use the 
freezing response to reduce the probability of attack by 
a predator Larval lumpfish possess an adhesive disk 
that allows them to cling to surfaces (Brown 1986). This 
adaptation should enhance the effectiveness of a freez- 
ing response by anchoring a larva in place. Specifically, 
our objectives were to determine: (1) whether or not 
larval lumpf~sh use a freezing response, and thus trade- 
off foraging time, in order to reduce the probability of 
attack by a potential predator; (2) whether or not 
hunger level of the lumpfish affects their willingness to 
trade off foraging time against the threat of attack by a 
predator; and (3) whether or not the response of larval 
lumpfish to a predator changes with ontogeny. 
MATERIALS AND METHODS 
Fertilized lumpfish eggs were collected by divers in 
Conception Bay, Newfoundland, Canada, and incu- 
bated in ambient seawater until hatch. Larvae were 
held in an 80 1 aquarium and fed live Arternia nauplii 
once a day at a density of ca 300 nauplii 1 - l .  We have 
observed that a peak in mortality of larval lumpfish 
occurs at ca 4 wk post-hatch. Accordingly, in this study 
we waited until after this peak had occurred, and then 
placed ca 400 randomly selected larvae into each of 
four 40 1 aquaria. Arternia were added once a day to 
these 4 aquaria, at 2 food density levels. Two aquaria 
received enough Arternia to produce an immediate 
prey density of ca 100 nauplii 1-' (low food treatment), 
while the other 2 aquaria received Artemia to produce 
an immediate food density of ca 250 nauplii I-' (high 
food treatment). Testing began after the larvae had 
been exposed to the food levels for a period of 1 wk. 
The predators used in this study were three-spined 
sticklebacks Gasterosteus aculeatus. Three 6 cm stick- 
lebacks were maintained in separate compartments of 
a 40 l saltwater aquarium. In preliminary trials, hungry 
sticklebacks captured and consumed 5 wk old lumpfish 
larvae; consequently sticklebacks were fed to satiation 
with capelin MaUotus villosus eggs prior to each exper- 
iment. 
At Week 5 post hatch, testing began. Two groups of 
15 larvae were selected at random from each of the 4 
holding aquaria, yielding 8 groups of 15 larvae (4 high 
food, 4 low food). Each group was then placed into a 
separate opaque plastic container (23 X 23 X 8 cm, con- 
taining ca 2 1 of seawater) floating in a wet bench. Two 
test containers from each food level were randomly 
designated to receive a satiated predator during the 
experiment. After 1 h of acclimatization, one container, 
chosen at random, was gently moved into position 
under a suspended video camera. Each experimental 
trial (i.e. each test container) began with 1 min of 
filming with no food or predator present. This was 
followed by the introduction of food (250 Artemia 1-l for 
a high food container, 100 Artemia I-' for a low food 
container) to the container, and, if designated, a sati- 
ated stickleback. Video recording continued for an 
additional 10 min, after which another test container 
was moved into position and the same procedure fol- 
lowed. Larvae were used in only one trial. One experi- 
ment was carried out at ca 3 wk intervals at Weeks 5, 8, 
12, and 15 post-hatch. The experiment was terminated 
after Week 15 because the larvae had increased in size 
to a point where they were no longer responding to the 
predator. 
The behaviour of individual larvae was recorded 
from the video tapes using an event recorder. The 
variables extracted from the video were the time (S, 
between 0 and 120) spent clinging to a surface (i.e. 
freezing) and the number of bites each individual 
lumpfish performed (see Brown 1986 for definition of 
bites). Because capture success of lumpfish larvae 
feeding on Artemia nauplii is close to 100 % after the 
first 2 wk post-hatch (Brown 1986), we feel that the 
measure used was a good indicator of feeding. Lengths 
of each individual larva were obtained from the video 
tapes using an image analysis system. 
To reduce viewing time, we sampled the video 
recordings. To determine which segment of the trial 
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would make up the sample, we viewed the entire trial 
for all 4 of the low food treatments in Week 5 and 
recorded total time clinging and number of bites per- 
formed by each lumpfish. These variables exhibited the 
most variation during the initial 3 min of each trial, with 
no substantial changes during the last 7 min We 
selected the 2 min segment from Minute 5 to Minute 7 
for analysis, thereby focusing on the final response of 
the larvae to the experimental situation. 
The experimental design for each week was a 2 X 2 
factorial experiment, with factors 'food' (low or high) 
and factor 'predator' (present or absent), with each 
food-predator combination duplicated. Each experi- 
ment (Weeks 5, 8, 12 and 15) was analyzed separately. 
In the analysis of time spent clinging, larval length was 
included as a covariable to allow examination of the 
effects of food and predator after length effects had 
been removed. This data set was analyzed using the 
GLM procedure in SAS (SAS 1988). The residuals were 
tested for normality using the Shapiro-Wilk statistic, 
and plots of the residuals versus the predicted values 
were examined to detect violations of the assumptions 
of independence and constant variance. Consequently, 
time clinging was converted to a proportion of the total 
2 min, and an arc-sine transformation performed. This 
procedure restored normality to the data from Weeks 5, 
8, and 12, but not the data from Week 15. The depar- 
tures from normality in Week 15 were due to a large 
number of observations at the boundaries (i.e. 0 and 
120 S) .  Here we applied a probit transformation, which 
restored normality. The use of different transformations 
was acceptable because we analyzed each week's data 
separately. 
In the analysis of the feeding data, the number of 
larvae that performed any bites was modelled as a 
binomial variate, with the number of trials being the 
total number of larvae in that food-predator combina- 
tion (for example, 7 of 30 larvae fed in the low-food no- 
predator trial in Week 5).  The model was fitted using a 
Generalized Linear Model (McCullagh & Nelder 1989) 
as implemented in the computer software GLIM (Payne 
1987). In order to assess the potential for confounding 
length effects in this analysis, we further compared the 
lengths of the lumpfish between each treatment combi- 
nation (low food without predator, low food with preda- 
tor, etc.) within each week, using the GLM procedure 
in SAS. Finally, to determine whether or not larval 
lumpfish were more vigilant when in the presence of a 
predator, we calculated feeding rate/time swimming 
for each larva that fed during the trial period by divid- 
ing the number of bites performed by that larva by the 
total number of seconds the larva was swimming (i.e. 
not clinging), and compared these rates using an 
ANOVA (SAS procedure GLM). The level of signifi- 
cance for all statistical tests was set at 0.05. 
RESULTS 
When introduced into a test container, the stickle- 
back would usually remain motionless for the first 
minute of the trial. During this time, the lumpfish would 
often perform what appeared to be a form of predator 
inspection (Wootton 1984), consisting of a group of 
lumpfish swimming to within 10 cm of the stickleback, 
and remaining, sometimes clinging, all oriented with 
heads towards the predator. This behaviour was not 
repeated after the stickleback began to move about the 
container. After the initial inspection period, most lar- 
vae reacted to the approach of the predator (within ca 
10 cm), by clinging to the bottom or side of the con- 
tainer. Approximately 10 % of the lumpfish would 
quickly swim to a corner of the container and resume 
clinging immediately after the stickleback moved past. 
There were no obvious differences among experimen- 
tal trials in the amount of time the predators spent 
swimming or motionless. 
All of the interaction terms in the analysis of time 
clinging to a surface were not significant (Table 1). In 
the analysis of the number of fish feeding all of the 
interaction terms except that of Week 15 were not 
significant (Table 2). In Week 5 post-hatch, the pres- 
ence of a predator significantly increased the time 
larval lumpfish spent clinging to a surface (Fig. 1, Table 
1). In Week 8, the categorical data (Fig. 1) does show 
that the lumpfish spent more time clinging in the pres- 
ence of a predator; however, the predator term from the 
analysis only approaches significance at p = 0.066. The 
12  wk old lumpfish spent significantly more time cling- 
ing in the presence of a predator. By Week 15, the 
presence of a predator clearly did not increase time 
clinging. The analysis of the number of fish feeding 
(Table 2, Fig. 2) shows similar trends to the analysis of 
time clinging. The presence of a predator significantly 
decreased the proportion of fish feeding in Weeks 5,  8 
and 12 post-hatch. In addition, there was a significant 
food effect in Week 12; specifically (Flg. 2) more fish 
from the high food treatment fed during the experiment 
than from the low food treatment. The significant food- 
predator interaction term in Week 15 requires separate 
interpretation of the main effects. Examination of Fig. 2 
clearly illustrates this interaction in that the presence of 
a predator did not seem to affect the number of larvae 
from the high food treatment that fed during the trial, 
whereas the presence of a predator decreased the 
number of larvae feeding from the low food treatment. 
Finally, the presence of a predator only significantly 
decreased the feeding rate (bites per time swimming) 
for 12 wk old larvae (p = 0.3341, 0.7014, 0.0414, and 
0.8782 for Weeks 5, 8, 12 and 15 respectively). There 
were no significant differences in mean length (mm) of 
the lumpfish between treatments in any of the experi- 
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Table 1. Cyclopterus lurnpus. Results of analysis of variance of the effects of food level and predator presence on the time larval 
lumpfish spent clinging to a surface. Degrees of freedom were determined using Satterthwaite's approximation (e.g. Snedecor & 
Cochran 1980). Length was included as a covarlate in all models 
Source df num. df den. F-value P > F  
Week 5 Food 1 3.88 2.355 0.2019 
Predator 1 4.08 20.020 0.0106' 
Food X Pred. 1 3.91 3.882 0.1218 
Week 8 Food 1 4.00 0.013 0.9144 
Predator 1 4.04 6.209 0.0667 
Food X Pred. 1 4.01 0.842 0.4106 
Week 12 Food 1 3.98 0.333 0.5950 
Predator 1 4.02 12.345 0.0244' 
Food X Pred. 1 3.97 0.000 0.9844 
Week 15 Food 1 4.02 0.763 0.4315 
Predator 1 4.00 0.163 0.7066 
Food X Pred. 1 4.03 0.242 0.6485 
Significant at 0.05 level 
Table 2. Cyclopterus lumpus. Results of GLIM procedure on the effects of food level and predator presence on the number of larval 
lumpfish feeding 
Terms Observed chi-square df P s lg  
Week 5 
Week 8 
Week 12 
Week I J  
Food 
Predator 
Food x Pred. 
Food 
Predator 
Food X Pred. 
Food 
Predator 
Food X Pred. 
Food 
Predator 
Food X Pred. 
Significant at 0.05 level 
" Significant at 0.01 level 
ments (p = 0.1461, 0.1408, 0.2660, and 0.1248 for 
Weeks 5,  8, 12, and 15 respectively). 
DISCUSSION 
In contrast to Weeks 5 to 12, 15 wk old larvae no 
longer significantly increased time spent clinging in 
the presence of a predator. One explanation for this is 
that by Week 15, clinging has been dropped from the 
behaviounal repertoire as an  anti-predator defence; 
however, we have found that disturbances in holding 
aquaria usually elicit clinging by larval, juvenile and 
even adult lumpfish. Assuming that the cling 
behaviour was still available as an anti-predator 
defence, the fact that it was not used in the presence of 
a stickleback may indicate that these larvae had 
reached a size at which they were no longer vulnerable 
to the predator. The mean size by Week 15 was 15.25 
mm, which represents ca 25 % of the total body length 
of the predator. Prejs (1987) cited 40 % of body length 
as an upper limit of prey size for most freshwater 
piscjvorous teleosts, but considering that sticklebacks 
possess a relatively small mouth, the 15 wk old larvae 
were probably in little danger of being eaten. 
An obvious, important cost associated with the freez- 
ing behaviour in larval lumpfish is reduced foraging. In 
our study, the increase in the time larvae spent clinging 
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Fig. 1. Cydopterus lumpus. Mean (f 1 SE) time larval lumpfish spent clinging in the presence and absence of a predator. Data are 
presented with respect to larval age  in weeks. Mean lengths of larvae are presented in mm 
X L e n g t h = 9 . 9 5  
in the presence of a predator was echoed by a signifi- 
cant decrease in the number of larvae feeding. In 
another study, Brown (1986) demonstrated that larval 
lumpfish are able to feed from the cling position, how- 
ever food levels in those experiments were an  order of 
magnitude higher than in t h s  study. In the present 
study, very few larvae were observed performing bites 
while clinging to a surface, even in the high food 
treatment. Therefore, increased time clinging by the 
lumpfish probably reduced their encounter rate with 
their prey, resulting in reduced opportunity to forage. 
Magnhagen (1988) and Prejs (1987) found evidence of 
decreased foraging by small fish in the presence of 
predators, and both authors attributed this reduction in 
foraging to the increased danger of being detected by 
predators when moving. 
Both theoretical (Mange1 & Clark 1986, McNamara & 
Houston 1987) and experimental (Dill & Fraser 1984, 
Milinski 1986, Magnhagen 1988) studies indicate that 
an increased need for food should render an animal 
willing to accept a greater risk in order to forage. 
X L e n g t h =  1 5 . 2 5  
However, in our experiment, we were unable to show 
any effect of hunger level on the willingness of larval 
lumpfish to accept risk of attack in order to forage. In 
terms of actual foraging, the only significant food effect 
occurred in Week 12, where significantly fewer larvae 
from the low food treatment foraged than did larvae 
from the high food treatment, a result that is opposite to 
what we might have predicted. Similarly, 15 wk old 
larvae from the low food treatment responded to the 
presence of a predator by reducing their feeding, 
whereas the presence of a predator did not affect the 
larvae from the high food treatment. Possibly the differ- 
ential in food levels used in this study was not sufficient 
to show this effect, as Brown (1986) found good sunrival 
when larval lumpfish were fed 100 prey 1-l. Had w e  
utilized starved versus not starved groups a s  in Magn- 
hagen (1988) we may have observed differences. 
The anti-predator defences displayed by larval 
lumpfish in this study would probably be effective in 
the natural environment. Lumpfish spend the first year 
of life in the upper meter of the water column (Scott & 
40 4 0 
Absent  P resen t  Absen t  P resen t  
P r e d o t o r  P r e d o t o r  
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Fig. 2. Cyclopterus lumpus. Proportion of the total number of larval lurnpfish feeding in the presence and absence of a predator. 
Data are presented with respect to larval age in weeks. Mean lengths of larvae are presented in mm 
Scott 1988), despite possessing a ventral adhesive disk, 
an adaptation that seems to favour an  epibenthic exist- 
ence. Daborn & Gregory (1983) found relatively high 
numbers of larval lumpfish up to 50 mm in length in the 
upper 0.5 m of the macrotidal Bay of Fundy, where they 
are often associated with masses of floating seaweed 
(Gregory & Daborn 1982). Association with floating 
seaweed would allow larval lumpfish to forage up in 
the plankton-rich pelagic zone, yet still be able to 
reduce the probability of attack by predators by cling- 
ing to the weed when a predator was detected. In areas 
that do not have large collections of floating seaweed, 
the larval lumpfish probably frequent areas closer to 
shore where they may seek refuge on the bottom or in 
and around attached seaweed. 
Most pelagic larval fish do not possess a ventral 
slze and lack of pigmentation in many species. Blaxter 
& Fuiman (1989) suggested that reduced activity or 
movement might reduce the number of attacks on 
smaller pelagic larvae by fish predators, and Bailey & 
Yen (1983) proposed the same strategy for pelagic hake 
larvae to reduce the number of attacks by a carnivorous 
marine copepod. Most of the research dealing with 
predation and larval fish has concentrated on the last 
step in the predation sequence, testing the ability of the 
larvae to escape actual attacks by predators. We 
believe that further investigation is needed into anti- 
predator defences other species of pelagic larval fish 
may use to reduce the probability of attacks by preda- 
tors. 
adhesive disk as larval lumpfish do, however no com- 
plex m o r p ~ o ~ o g i c a ~  adaptations are required for a sim. AcknowZedgements. We thank Donna Somerton, who main- 
tained the holding aquaria and did all of the actual filmmg. plc freezing lesponse to the threat of a potential preda- Rod Taylor extracted much of the data from the video tapes, 
tor. In fact, the effectiveness of a freezing response by Chris Baidik provided invaluable statistical advice. Vytenis 
, . 
larval fish should be enhanced because of their small Gotceitas and Pierre Pepin provided editorial suggestions 
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